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We adapted the Biolistics Particle Delivery System for the introduction of DNA into Xenopus embryos, allowing
us to modulate the expression of different genes at speci®c time points during development. In the present study we ap-
plied the Biolistics method to the study of the wnt-engrailed signaling cascade in the developing Xenopus embryo. We
show that ectopic expression of Xwnt-1 and Xwnt-5C is suf®cient to activate speci®cally XEn-1 and not XEn-2.
q 1996 Academic Press, Inc.
INTRODUCTION proper mid/hindbrain development, possibly by sustaining
Engrailed-1 (En-1) expression (McMahon et al., 1992). We
show that the Biolistics approach provides a forward stepEarly embryonic development is controlled through regu-
latory cascades of genes switching each other on and off. To in de®ning the functional pathway of Engrailed-1 regulation
by wnts in vertebrate embryos.unravel regulatory pathways, it is important to determine
whether gene products are merely required or are, by them-
selves, suf®cient to activate the expression of downstream
target genes. Since the role of a regulatory factor may vary MATERIALS AND METHODS
with time of development and position in the embryo,
methods are required to activate ectopic gene expression at
The Biolistics Technique as Applied on Xenopusany time anywhere in the embryo. To limit effects toxic to
Embryosthe developing embryo such activation should be effected
in any cell, but preferably not in all cells simultaneously. The Biolistics Particle Delivery System (Bio-Rad,
We adapted the Biolistics method formerly used to transfect PDS1000/HE) employs pressurized helium to propel DNA-
plant and animal cells (Sanford et al., 1993; Pecorino et al., coated beads into embryos. Albino Xenopus laevis embryos
1994) to these requirements and applied this method to the (25±50) were bombarded at late neurula stages (Nieuwkoop
study of the wnt signaling cascade in Xenopus embryonic and Faber, 1967) with gold particles, 1.6 mm in diameter
development. The activity of wingless/Dwnt-1 is required and coated with pSG5 vector-DNA encoding Xenopus wnt-
for correct segmentation to maintain engrailed expression 5C (EMBL Databank Accession No. X73510; the deduced
(Noordermeer et al., 1994; Siegfried and Perrimon, 1994; amino acid sequence shows equal similarity to murine wnt-
Siegfried et al., 1994). In vertebrates wnt-1 is required for 5A and wnt-5B (Gavin et al., 1990), therefore designated
Xenopus wnt-5C (unpublished results)) or Xwnt-1 (Noorder-
meer et al., 1989) under the control of the SV40 promoter1 These authors contributed equally.
(Green et al., 1988). Per shot 500-mg gold particles (coated2 Present address: Wilhelmina Children's Hospital, Department
with 3.3 mg DNA) were used. The vacuum was 10 in. Hg,of Endocrinology, P.O. Box 18009, NL-3501 CA Utrecht, The Neth-
the gap width was 0.25 in., the stopping screen was in theerlands.
lowest position, the target distance was at position No. 1,3 To whom correspondence should be addressed. Fax: /31 30
2516464; E-mail: Olivier@Hubrecht.nl. and the helium pressure was 450 psi. Following bombard-
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ment the embryos were allowed to develop further in 25% lyzed showed any obvious aberrant development after bom-
bardment with the DNA-coated gold particles.MMR (100% MMR, modi®ed amphibian Ringers' solution:
100 mM NaCl, 2 mM KCl, 1 mM MgSO4, 2 mM CaCl2 , 5 To test if ectopic overexpression of wnts leads to expres-
sion of Engrailed-1, a putative target of wnt-1 (McMahonmM Hepes, 0.1 mM EDTA, pH 7.8), containing 25 mg/ml
gentamycin until the desired developmental stage (Nieuw- et al., 1992), embryos were bombarded with either of two
different Xenopus wnt genes, i.e., Xwnt-1 (Noordermeer etkoop and Faber, 1967).
al., 1989) and Xwnt-5C (unpublished results). Expression of
Engrailed-1 and also En-2 was determined by whole mount
Analysis of Bombarded Embryos in situ hybridization with antisense RNA probes derived
from Xenopus En-1 (XEn-1) (Eizema et al., 1994) or XenopusEmbryos were ®xed in MEMPFA (0.1 M Mops, pH 7.4, 2
mM EGTA, 1 mM MgSO4, and 4% paraformaldehyde) for En-2 (XEn-2) (Hemmati-Brivanlou et al., 1991) (Figs. 1A and
1B, Table 1). Two types of negative controls were performed.1 hr at room temperature. Batches of bombarded embryos
were divided at random into three groups of embryos for First, embryos were bombarded with the empty vector pSG5
followed by in situ hybridization with the Xwnt and XEnanalysis by whole mount in situ hybridization with digoxi-
genin-labeled speci®c antisense RNA probes (Eizema et al., probes. Second, wnt-bombarded embryos were hybridized
to antisense RNA derived from Xenopus Brachyury (Xbra)1994). After hybridization and staining, embryos were
cleared in Murray's (2:1 benzylbenzoate:benzylalcohol) and (Smith et al., 1991), an unrelated marker gene. None of
these control embryos showed any ectopic expression (dataphotographed using 64T Kodak ®lm and a Zeiss Axioplan
photomicroscope. not shown). Furthermore, no ectopic expression could be
detected with any of the RNA probes in embryos bombardedEmbryos bombarded with b-galactosidase reporter gene
constructs (under control of the CMV promoter) were ®xed with gold particles (non-DNA coated) only. Both Xwnt-1
and Xwnt-5C DNA-bombarded embryos exhibited ectopicin 0.8% glutaraldehyde for 5 min at room temperature and
assayed for b-galactosidase activity using X-gal (5-bromo-4- expression of XEn-1 (Fig. 1A, Table 1). Ectopic XEn-1 expres-
sion (blue spots in Figs. 1A and 1C) was observed in 58±chloro-3-indolyl-b-D-galactopyranoside) as a substrate. The
embryos were incubated in the staining solution for 2±4 hr 78% of the Xwnt-bombarded embryos (Table 1), while ec-
topic XEn-2 expression was only observed in a few embryosat 377C in the dark (Verhaagen et al., 1993).
(10±15%) and was only detectable as very few faint spots
(Fig. 1B and Table 1). These results show that in Xenopus
embryos En-1, and to a much lesser extent En-2, can beRESULTS AND DISCUSSION
transcriptionally activated by overexpression of wnts. Our
observations directly evidence the suggestions made earlier,DNA plasmids encoding two different wnt genes (i.e.,
Xenopus wnt-1 (Xwnt-1) (Noordermeer et al., 1989) and based upon studies of mouse wnt-1 null mutants (McMahon
et al., 1992) and comparative analysis of expression patternsXenopus wnt-5C (Xwnt-5C ) (unpublished results) under the
control of the early SV40 promoter (Green et al., 1988) were in normal and exogastrulated embryos (Eizema et al., 1994),
that wnt-1 functionally interacts with En-1, rather thanprecipitated onto gold particles and shot into late neurula
stage Xenopus embryos. Analysis of the bombarded em- with En-2 in vertebrate embryos. Interestingly, not only
Xwnt-1 but also Xwnt-5C is capable of inducing ectopicbryos at late tailbud stages by whole mount in situ hybrid-
ization with speci®c Xwnt RNA probes, showed that the XEn-1 expression (Table 1). Ectopic expression of both
Xwnt-1 and Xwnt-5C in just-fertilized eggs using injectionintroduced DNA was more or less randomly expressed over
a region of the embryo that was positioned toward the parti- results in embryos with distinct phenotypes. Ectopic ex-
pression of Xwnt-1 results in duplication of the anteriorcle beam at the time of targeting (Fig. 1D). In a population
of embryos subjected to a shot of Xwnt-1 or Xwnt-5C DNA, part of the embryonic axis; in contrast, ectopic expression
of Xwnt-5C affects morphogenetic movements without in-virtually all embryos overexpressed either gene (cf. Table 1)
and any region was found to be positive in a particular em- ducing a duplication of the axis (comparable to the effects
of overexpressing Xwnt-5A (Moon et al., 1993a, b)). Despitebryo (Fig. 1D). This indicates that the activity of the wnt
DNAs tested is not limited to speci®c regions of the em- this difference in eliciting developmental defects upon over-
expression early in development, the ability of inducingbryo. Although most of the gold particles retained the DNA
under the conditions used, only for 10% of the particles ectopic XEn-1 expression during neurulation is equal. Com-
parison of Xwnt-probed embryos with XEn-1-probed sib-present in the embryos was expression of the particular in-
troduced wnt gene found. A similar percentage of particles lings (e.g., Figs. 1A and 1D) showed no obvious difference
in the distribution of the spots of ectopic expression. Asexhibiting gene expression was observed in experiments us-
ing the b-galactosidase gene as a reporter driven by the same determined by observation at larger magni®cation (Fig. 1C)
spots of ectopic XEn-1 expression represent groups of twopromoters (Fig. 1E). In addition to ectopic RNA expression
of the Xwnt5C DNA represented as blue spots, the endoge- to four cells, mostly in the epidermal ectoderm. This was
con®rmed by analysis of sections of these XEn-1-hybridizednous Xwnt-5C mRNA was detectable in the tail region and
the mediodorsal part of the mid/hindbrain region of the embryos (results not shown). No differences in the size and/
or intensity of the ectopic signal were observed betweencentral nervous system (Fig. 1D). None of the embryos ana-
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TABLE 1
Ectopic Gene Expression Induced by Xwnt Genes Bombarded into Xenopus Embryos by the Biolistics Method
/// // / { 0 Total % positive
A
Xwnt-1 DNA
Xwnt-1 3 5 9 0 0 17 100
XEn-1 0 3 8 7 1 19 58
XEn-2 0 0 1 2 5 8 13
B
Xwnt-5C DNA
Xwnt-5C 6 13 20 3 1 43 91
XEn-1 3 4 15 6 2 30 73
XEn-2 0 0 3 11 15 29 10
Note. Xenopus neurula stage embryos were bombarded with gold particles coated with the pSG5 expression vector encoding either
Xwnt-1 (A) or Xwnt-5C (B). The number of embryos showing ectopic signals (blue spots) after hybridization with Xwnt-1/Xwnt-5C, XEn-
1, or XEn-2 RNA probes, respectively, were scored microscopically after clearance of the embryos in Murray's (benzylbenzoate:benzylalco-
hol 2:1) and divided into ®ve categories based on the amounts of ectopic spots: (0) 0 spots; ({) less than 5 spots; (/) 5±25 spots; (//) 25±
75 spots; (///) more than 75 spots. total: number of embryos analyzed.
the wnt- and En-1-probed embryos, after bombardment of 1995). Therefore, different combinations of wnt/En interac-
tions may be active in signaling pathways recurring at dif-the embryos with either wnt DNA. This indicates that al-
though wnt proteins can be secreted (Nusse and Varmus, ferent times and at different positions in the developing
vertebrate embryo. To the extent that the signaling cascades1992) the effect on induction of the ectopic En-1 expression
is either cell-autonomous and/or limited to cells immedi- are analogous, it is XEn-1 and not XEn-2 that is controlled
by Xwnt-1 or Xwnt-5C. The Biolistics approach as employedately surrounding the wnt overexpressing cells.
We conclude that in the Xenopus embryo ectopic expres- here in vivo will be a useful asset to further elucidate di-
rectly the components of wnt and/or other signaling path-sion of at least two different wnts is suf®cient to activate
En-1 expression ectopically. As both Xwnt-1 and Xwnt-5C ways in developing embryos.
can control En-1 expression (Table 1), this suggests a poten-
tial redundancy of these wnts. In Drosophila, ectopic ex-
pression of wg under the control of a heat shock promoter ACKNOWLEDGMENTScauses expansion of the engrailed expression domain during
particular stages of development (Noordermeer et al., 1992).
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FIG. 1. Expression of DNA constructs after introduction into Xenopus laevis embryos by the Biolistics technique and effects of ectopic
Xwnt expression on XEn-1 and XEn-2 expression. DNA constructs were bombarded into neurula stage embryos (stage 19), analysis was
at late tailbud stage (stage 33). Anterior is to the right, dorsal is upward. (A±D) Views of Xwnt-5C-bombarded stage-33 embryos probed
with XEn-1 (A and C), XEn-2 (B), and Xwnt-5C RNA (D), respectively. (C) A higher magni®cation of the trunk of the embryo shown in
A to evidence gold particles (open arrowheads) in an area of ectopic expression. Endogenous XEn-1 and XEn-2 hybridization signals are
detected (A and B): At the mid/hindbrain border (XEn-1 and XEn-2), in a group of ventrolateral cells in the spinal cord (XEn-1), in the
anterior part of the pronephros (XEn-1), and in the branchial arches (XEn-2) (Eizema et al., 1994). The endogenous Xwnt-5C RNA is
detectable in the tail and the mediodorsal part of the mid/hindbrain region of the central nervous system (D) (unpublished results). (E)
Embryos bombarded with a b-galactosidase reporter gene construct at neurula stage and assayed for b-galactosidase activity at late tailbud
stage.
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